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Abstract: The digital separation of diaminobenzidine (DAB)-stained
tissues from hematoxylin background is an important pre-processing step
to analyze immunostains. In most stain separation methods, specific color
channels (for example: RGB, HS, CMYK) or color deconvolution matrices
are used to obtain different tissue contrasts between DAB- and hematoxylin-
stained areas. However, these methods could produce incomplete separation
or color changes because the color spectra of stains and co-localized stains
overlap in histological images. Therefore, we proposed an automatic color-
filtering to separate hematoxylin- and DAB-stained tissues. |n implantation,
the RGB images of DAB-labeled immunostains are first converted to 8-bit
BN images by a mathematical trandation to produce the largest contrast
between brown DAB-stained tissues and blue hematoxylin-stained tissues.
Thefirst valley in the histogram revised by nonuniform quantization is set as
the cut-off point to obtain a brown filter. DAB-stained tissues are accurately
delineated from the background counterstain, resulting in DAB-only-image
and De-DAB-image. Subsequently, a blue filter is designed in the CIE-Lab
color space to further delineate the hematoxylin-stained tissues from the
De-DAB-image. Finally, the average values of the remaining pixels of the
De-DAB-image are set as the background color of the DAB-only-image
to manage uneven dyeing and provide DAB-stained-image for adaptive
immunohistochemistry quantitation. Extensive experimental results demon-
strated that the proposed method has significant advantages compared with
existing methods in terms of complete stain separation without changing
the color in DAB-stained areas.
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OCIS codes: (100.0100) Image processing; (100.3008) Image recognition, algorithms and
filters; (170.0170) Medical optics and biotechnology; (170.1530) Cell analysis.
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1. Introduction

In immunohistochemistry (IHC), specifically marked antibodies are used to stain proteins in
situ. Analyzing the intensity and distribution of immunostains at specific locations of interest
targeted by receptors can provide clinically important information regarding cancer diagno-
sis, prognosis, or both [1,2]. The common practice in clinical pathology is visual scoring of
immunostains (al so termed manually) using alight microscope with medium-power magnifica-
tion (using x 20 or x40 objective lenses) [3]. A tumor is scored as 0/1+ (negative), 2+ (equiv-
ocal), or 3+ (positive) using commonly accepted scoring guidelines based on intensity or area
of immunoreaction products [3,4]. However, visual scoring is time consuming and subjective.
Computer-assisted immunostaining shortens analysis time and lessens inter-observer variation
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when staining levels are evaluated [4—6]. However, currently used methods often produce con-
flicting results because of differencesin staining and analysis protocals.

Imaging analysis of immunostainsis generally performed by differentiating staining compo-
nents, including immunoreaction product (brown; diaminobenzidine, DAB) and hematoxylin
counterstain (blue); DAB components are further segmented and quantitated [7-9]. Separating
DAB-stained tissues from hematoxylin background is an important pre-processing step to an-
alyze immunostains. Currently, many approaches have been proposed to automatically extract
DAB-stained tissues. An automatic color separation in the RGB space is very difficult because
of the correlation between the RGB values. Color classification methods convert the origina
image into other color space to eliminate the correlation between RGB values and thus asso-
ciate each pixel of the image to a different stain based on thresholds. Common color spaces
include the CMYK space [10], HS space[11], and other translation space [12]. However, color
classification methods present an incomplete separation effect caused by the overlap of the
color spectrum of stains and the heterogeneity (in terms of intensity gradient and color) of the
recognized regions.

Color deconvolution approach multiplies the RGB matrix of the input image by the inverse
of the color spread matrix (namely, “color deconvolution matrix”) [13]; this method can yield
better stain separation through colocalization or spectral superposition of dyes (for H-DAB-
stained images) than the color classification method [11,14]. Color deconvolution can be ap-
plied to H-DAB images and to most commonly used dyes in histopathology (such as H-E,
H AEC Azan-Mallory, Fast Red, Fast Blue, and DAB); thus, this approach is widely used to
separate stain in histological images [4]. However, color deconvolution requires special and
precise calibration and foreknowledge of pure dye color spectra, which could be impractical
[15]. Moreover, color deconvolution is a chemical separation technique, in which each pixel is
divided to pure DAB- and hematoxylin-stained components. Although this method effectively
solves staining overlap, the RGB values of the obtained DAB-stained image differ from those
of the original image. Thus, further segmentation isrequired to digitally separate the results for
immunohistochemical quantitation.

“De-stain” method is based on selective re-distribution of color contrast from one color chan-
nel to two other channels to separate the stained areas of interest; this method is efficient
in hematoxylin and eosin staining, DAB immunocytochemistry, and various tinctorial stains
and does not require stain calibration and pre-definition [4]. However, “de-stain” method often
changes the color of the target areas during separation; thus, this method could not directly
used for stoichiometrical quantitation. To our best knowledge, studies have not yet reported
automotive procedures to digitally separate DAB-stained areas without causing color changes.

In the present paper, we propose a color-filtering method to automatically separate hema-
toxylin and DAB tissues and obtain immunoreaction products using the digital images of
DAB-labeled immunostains. In the implementation, we first design a BN transation formula:
BN = Blue— o x Red — 8 x Green to solve the overlap of the stains' color spectrum between
brown DA B-stained tissues and blue hematoxylin-stained tissues and produce 8-bit BN images.
A cut-off paoint is searched in the revised histogram of the BN image to obtain a brown filter
and accurately delineate DAB-stained tissues from background counterstain without changing
the color. Subsequently, a blue filter is designed in the CIE-Lab color space to further delin-
eate hematoxylin-stained tissues. Finally, the average values of the remaining pixels are set as
the background color of the DAB-stained and hematoxylin-stained images to prevent uneven
dyeing. Extensive experimental results demonstrated that our proposed method provide signif-
icant results compared with currently used methods in terms of complete separation without
changing the color to extract DAB-stained tissues.

The remaining sections of this paper are organized asfollows. In Section Materials and meth-
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ods, information regarding tissues, stains, microscopy, and imaging are described and the pro-
posed “color-filtering” procedure for separating DAB-stained tissues is introduced. In Section
Results and discussion, experimental results and discussion are reported, followed by Section
Conclusion.

2. Materialsand methods
2.1. Tissuesand stains

Formalin-fixed and paraffin-embedded tissue sections were used in this study. Each section was
5 um thick. Immunohistochemical staining was performed using a blue stain (hematoxylin) as
background color and a brown stain (DAB) to reveal positively stained tissue areas. Datasets
consisted of 151 cases of membrane activity, 78 cases of nuclear activity, and 30 cases of
membrane/cytoplasm activity.

2.2.  Microscopy and imaging

All of the sections were imaged using a standard diagnostic microscope attached with a colored
digital still camera (Olympus® BX-51 from Olympus Corporation of Japan with JVC color
video camerafrom Victor Company of Japan Limited and controlled by the Pathological Image
Workstation of the NanFang Hospital in Guangzhou, China). The images were obtained using
x 20 or x40 objective lenses. Two images were acquired from arandomly selected location in
each dide using a x 20 objective lens. Another two images were acquired in the same location
using a x40 objective lens. In microscopic imaging, the color of each pixel is a composite of
three 8-bit monochromatic channels (red, green, and blue), resulting in a 24-bit color image.
NCTLY 4 .
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Fig. 1. Examples of three types of IHC images wherein the brown areas are positive re-
actions stained by DAB. (A) a x 40 image with nuclear activity showing that the positive
reactions are localized in the nuclei, called as positive nuclei. Blue areas contain negative
nuclei and lymphocytes, etc.; (B) a x 40 image with membrane activity showing that posi-
tivereactions arelocalized in the cellular membranes; and (C) a x 40 image with cytoplasm
activity showing that positive reactions are localized in the cytoplasm.

The to-be-processed images are characterized by brown (DAB) and blue (hematoxylin)
stains. The brown DAB stain highlights the specific portion of cancerous tissues that positively
react at receptor activation. Figure 1 shows three examples of different IHC tissue images.
These positive reactions to the receptors are localized in the nuclel, cellular membranes, or cy-
toplasms of cancerous cells [14]. However, a blue hematoxylin stain is used as a contrast color
to highlight non-cancerous or cancerous portions that negatively react to the target receptors
[5]. The background of the hematoxylin and DAB images is white in an ideal stain condition,
indicating that light brown appearance is caused by the diffusing effect of the stain.
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2.3. Overview of the proposed color-filtering method

Digital separation of DAB-stained tissues is important for immunostain quantitation. To over-
come the effects of incomplete separation and color changes from the existing computer-
based techniques, we proposed an automatic and flexible “ col or-filtering” method. This method
can completely delineate DAB-stained tissues without changing the color. The proposed dig-
ital stain separation algorithm uses brown and blue filters to differentiate DAB-stained and
hematoxylin-stained tissues through the optimal cut-off points in the histogram. For simplic-
ity, this process is named as “color-filtering” in this paper. Figure 2 shows the flowchart of
the present digital stain separation scheme, which contains five main phases presented in the
following subsections.
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Fig. 2. Flowchart of the present color-filtering method.
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2.3.1. Convert to therevised BN space

The positive DAB-stained areas produced brown pigmentations. To solve the overlapping color
spectrum of the stains, we first design a brown space for highlighting the brown pixels. The
brown space is a mathematical translation that converts RGB images to 8-bit BN images using
the following formula:

BN = Blue— o x Red — 3 x Green Q)

where {Red, Green, Blue} are the RGB values of theimage and { o, 3} < 1 are the factors that
control the weighs of the Red and Green components.

Brown usually contains more Red and Green than Blue; thus, Red is the most superior,
followed by Green and then Blue. In the measurement, the BNvalues in the DAB-stained,
hematoxylin-stained, and background areas can be determined using the different values of
{a,B}. Moreover, the BN values of Brown are smaller than those of the Blue and back-
ground. When the ratio of {o, 8} is two, the BN images produce better contrast between the
Brown DAB-stained and Blue hematoxylin-stained tissues. Hence, in this study, we set o = 0.5,
B = 0.25for al cases. Most of the DAB-stained pixels have negative BN values, which become
more negative as the brown color becomes darker; thus, an 8-byte unsigned rounding process
is performed to set these negative values as 0. As a result, the DAB-stained pixels obtain the
minimum BN values, which are lower than those of the hematoxylin-stained and background
pixels. Therefore, DAB-stained tissues can be separated from the background counterstaining
in the Brown space.

2.3.2. Differentiate DAB-stained tissues with a brown filter

A B

5 X 10 Histogram X 10 Spectrum of ten classes image

4 10

The first peak
3.5/
3 /The second peak

®

Frequency
N
[

Valley

Frequency
>

-~ o N @
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o
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Fig. 3. Cut-off point searching in the histogram of the BN image. (A) the histogram of
BN image generated from the image shown in Fig. 6(A); (B) the spectrum displaying the
curve of frequency distribution of ten classes image. The gray values of an 8-bit image
range from O to 255, while some gray values dont exist in the image. The procedure of
uneven quantization deletes the gray values with zero frequency and revises the spectrum
by merging the gray values to 10 classes, which make valley searching easier. The valley
in the revised spectrum is regarded as cut-off point to make a Brown-filter.

In the Brown space, we design a brown filter to differentiate DAB-stained tissues by search-
ing a cut-off point in the histogram of the BN image as shown in Fig. 3. Figure 3(A) illus-
trates that the histograms of the BN image present two peaks; the first peak corresponds to the
DAB-stained region; the second peak corresponds to the hematoxylin-stained and background
regions. Therefore, the BN value (Tgn) corresponding to the valley between these two peaks
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can be used as cut-off points to design a brown filter with the following formula:

0 for BNi’j > Tgn

Brown. filteri j = { 1 for BN;j < Tan

}, i=12---M; j=12--- N 2
where {i, j} are the coordinates of the pixelsand {M, N} are the sizes of the images.

The pixel of the BN image islocated before the valley in the histogram, thus the correspond-
ing pixel of the brown filter is 1; otherwise, the corresponding pixel of the brown filter is 0.
Hence, multiplying the brown filter and the original RGB image can produce a new image.
This image contains the DAB-stained tissues with black background and designated as DAB-
only-image. The brown filter hasonly {0, 1} values; thus, the colors of the DAB-stained tissues
in the DAB-only-image are same as that of the original image whereas the remaining portionis
De-DAB-image containing hematoxylin-stained tissues and background.

Conducting the searching algorithm of the valley in the histogram on al frequencies with an
iterative scheme is time-consuming. Moreover, inhomogeneity exists in the hematoxylin and
DAB images because of uneven dyeing and illumination, resulting in obtaining more than one
valley. Therefore, we propose an uneven quantitation method with four main steps as follows:

1) Dividethe BN valuesinto 10 equal intervals (Z;, j = 1,2,...10).

2) Obtain the maximum frequency in each interval and the corresponding BN value in the
histogram and then designate as max Fj and maxBN;j, j = 1,2, ---, 10, respectively.

3) Compare al the BN values (BN;j;) with the max BN; in each interval. If the BN;; <
max BN;j, calculate the distance between BN;; and max BN; in the current interval and
the distance between BN; ; and max BNj-1 in the last adjacent interval using formula (3).
Otherwise, calculate the distance between BN; ; and max BN; in the current interval, and
distance between BN; ; and max BN;j+1 in the next adjacent interval using formula (4).

dji_1= ‘BN“ —maxBN;j-1

, 0y = ’BNj,i —maxBij 3

d; = |BNj,i —max BN;

, djy1= ’BNj,i —max BNj+1’ (4)

4) Classify all pixels of the whole image into different intervals according to the minimum
distance between the current and adjacent intervals. The associative pixel valuesin each
determined interval are set to be the maxBN; of that interval. The detailed calculation
processisillustrated in Fig. 4.

Figure 3(B) shows the revised histogram with lower than 10 different values. In practice, the
BN value corresponding to the first valley of the revised histogram is used as a threshold (Tgn)
to classify the pixels of the brown filter as 0 or 1. Hence, the DAB-only-image (composed of
DAB-stained pixels) and De-DAB-image (composed of hematoxylin-stained and background
pixels) can be produced with the brown filter.

2.3.3. Convert to the lab space

The hematoxylin-stained areas contain negative nuclei, lymphocytes, blood vessels, stroma,
and so on [6, 16]. In particular, the negative nuclei should be separated for IHC quantification
and cell counting. In the De-DAB-image, the hematoxylin-stained areas are present as blue
pigmentations whereas the background areas manifest white or very light brown appearance.
CIE-Lab, acolor system based on physiological characteristics, is used for blue cervical cells
and skin lesion segmentation [17, 18]. In the CIE-Lab color space, the L component repre-
sents the brightness range from black to pure white with the value [0,100]. The a component
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Fig. 4. lllustration of the classification of pixels of wholeimage. For example, for the pixel
Pa, if dj_1 < dj, the pixel belongs to the interval Z;_1; otherwise, the pixel belongs to the
interval Z;. For the pixel Ps, if dj < dj1, the pixel belongs to the interval Zj; otherwise,
the pixel belongsto theinterval Zj, ;.

represents the color range from red to green with the value [127, -128] and the b component
represents the color range from yellow to blue with the value [127, —128]. The color is more
similar to pure blue with larger negative b component value; thus, the b components of the blue
hematoxylin-stained tissues have larger negative values than those of the background. There-
fore, the b channel of the CIE-Lab space is suitable for separating the hematoxylin-stained
pixels from the De-DAB-image.

In the implementation, we first map the RGB space of the De-DAB-image to the CIE-XYZ
space[19].

X 0.412 0.358 0.180 R
Y | =] 0213 0715 0.072 G (5)
z 0.019 0.119 0.950 B

whereY istheluminance, Z isquasi-equal to blue stimulation, and X isamixture (alinear com-
bination) of the cone response curves selected as non-negative. |n the CIE-XYZ color space, the
tri-stimulus values are regarded as “derived” parameters from the long-, medium-, and short-
wavel ength cones for human color vision [20]. Furthermore, we can map the XY Z color space
to the Lab color space using the following formula [19]:

L L*
a | =| 500x (f;—f) (6)
b 200 % (f — f3)

where L-a-b color space is the color-opponent space with dimension L for lightness, and a and
b represent the color-opponent dimensions based on nonlinearly compressed CIE-XYZ color
space coordinates. The other remaining variables are calculated as follows:

|- _ [ 166x(fy)Y2—16 for fy >0.0008856 @
~ | 9033x fy for fy <0.0008856
fy = X/0.9505, fy =Y, f;=2Z/1.0888 (8)
1/3 .
7.787 x fi+16/116 for f; <0.008856
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2.3.4. Differentiate hematoxylin-stained tissues with a blue filter

The b space of CIE-Lab can produce a noticeable contrast between the blue hematoxylin-
stained tissues and the background. However, most of the hematoxylin-stained pixels have
negative b values, which become more negative as the blue color becomes darker. Hence, we
design a blue filter to differentiate the hematoxylin-stained tissues using a cut-off point in the
histogram. The associative procedure is designed as follows:

1) Produce a Lab image by converting the De-DAB-image from the RGB space to the Lab
space.

2) Split the Lab image into its b components and then calculate: b1 = b — min(b).

3) Revise the histogram of blusing the uneven quantization procedure as described in sub-
section Differentiate DAB-stained tissues with a brown filter.

4) Locate the peak in the histogram ofbl and set the point (P) before the peak as a cut-off
point to obtain the blue filter with the following formula:

0 forbli7j>b1p} .

1 forbl;<blp M j=12-N (10

Blue_filter; | :{

where {i, j} are the coordinates of the pixelsand {M,N} are the sizes of the image.

5) Use the blue filter on the De-DAB-image to yield hematoxylin-only-image and
background-only-image.

Figure 5 shows an example of the cut-off point searching in the histogram of the bl im-
age. The background pixels form a narrow peak in the histogram (Fig. 5(A)) because more
background pixels are present than hematoxylin-stained pixels. Furthermore, the bl values of
the hematoxylin-stained pixels range from 0 to 60 and are lower than those of the background
pixels. Hence, the point of the revised histogram before the peak can be set as a cut-off point
to obtain the blue filter for differentiating hematoxylin-stained tissues from the background
region.

A o 10° Spectrum of image B X 10° Spectrum of ten classes image

Peak —3p
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Fig. 5. Cut-off point searching in the histogram of the b1 image. (A) the histogram of bl
image generated from the image shown in Fig. 6(A). The numbers and the bl values of
background pixels are more than the Hematoxylin-stained pixels, so the background pixels
form a peak in the histogram. For the stains diffusing and heterogeneity, the Hematoxylin-
stained pixels distribute in the low value zones; (B) the spectrum displaying the curve
of frequency distribution of ten classes image. The bl values of the Hematoxylin-stained
pixels range from 0 to 60, so the point before the peak is set as a cut-off.
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2.3.5. Obtain DAB-stained image and hematoxylin-stained image

The DAB-only-image contains no hematoxylin-stained pixels and the hematoxylin-only-image
contains no DAB-stained pixels. However, inhomogeneous illumination and stain diffusion al-
ways exit in the IHC images, so the DAB-stained area or hematoxylin-stained area may be
incomplete or mixed with some background pixels. The stain areas should be processed as
following: filling the holes, repairing incomplete edges and eliminating the background pixels
according to the background information. To address this problem and give a niceillustration,
we calculated the mean RGB values of the background pixels (Ravg, Gavg, and Bavg) and
assigned the black regions of the DAB-only-image and hematoxylin-only-image to the mean
background values. Thus, the DAB-only-image and hematoxylin-only-image are recombined
with the modified background to obtain the DAB-stained and hematoxylin-stained images. The
associative images are adaptive for further tissues segmentation and would be helpful for visual
scoring.

3. Resultsand discussion

3.1. \Validation study of the proposed color-filtering method

Fig. 6. An experimental result from the present color-filtering method. (A) arepresentative
IHC tissueimage stained for CK; (B) the 8-bit BN image highlighting the contrast between
DAB-stained tissues and hematoxylin background. The dark areas are the DAB-stained
tissues, and the remaining areas are the Hematoxylin-stained tissues and background; (C)
the brown-filter image with only two values: 0 or 1, multiplying by (A) to extract (D) a
DAB-only-image containing brown DAB-stained tissues with black background and (E) a
De-DAB-image; (F) the Hematoxylin -only-image containing blue Hematoxylin -stained
tissues with black background; and (G) the Background image which is averaged to set as
the back color of (D) and (F) to make (H) a DAB-stained-image and (1) a Hematoxylin
-stained-image.
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Figure 6 shows an example of the proposed color-filtering method. Figure 6(A) is the rep-
resentative image of a thyroid neoplasm section stained for CK. The brown areas are DAB-
stained tissues, which highlight the cell membranes with positive reaction to the receptors.
The blue areas, which highlight the nuclel, lymphocytes, and so on, are hematoxylin-stained
tissues. Figure 6(B) shows the 8-bit BN image acquired from the mathematical translation of
the RGB values. The brown pixels have low BN values represented by the dark areas in the
BN image. The blue and background pixels have high BN values as shown by the bright ar-
eas in the BN image. Figure 6(C) shows the brown filter produced by searching the cut-off in
the histogram of the BN image. Figure 6(D) shows the DAB-only-image, which is obtained
from the De-DAB-image with the brown filter; the DAB-only-image contains DAB-stained
pixels with black background. Figure 6(E) shows the De-DAB-image, which is the remaining
component of the original image after DAB-stained tissues are eliminated. Figure 6(F) shows
the hematoxylin-only-image, which is obtained from the De-DAB-image with the blue filter;
the hematoxylin-only-image contains hematoxylin-stained pixels with black background. Fig-
ure 6(G) shows the background image representing the areas without any tissues. The average
RGB values of the background image are assigned to the black areas of the DAB-only-image
and hematoxylin-only-image to produce the DA B-stained-image (Fig. 6(H)) and hematoxylin-
stained-image (Fig. 6(1)).

Group 1: Membrane activity Group 2: Cytoplasm activity Group 3: Nuclear activity
5 ; N e
A

5

Original
image

DAB-stained
image

Hematoxylin-
stained image

Fig. 7. The separation effects of the present color-filtering method. The Groupl uses IHC
images with membrane activity, so the positive reactions locate in the cellular membrane;
The DAB-stained images show only the brown membrane whose area percentages and
intensity are used for quantitation; The Group2 uses IHC image with cytoplasm activ-
ity, so the positive reactions locate in the cytoplasm. The DAB-stained images show only
the brown cytoplasm; The Group3 uses IHC images with nuclear activity, so the posi-
tive reactions locate in the nuclei. The DAB-stained images show only the brown nuclei,
called positive nuclei. Some nuclei do not react to the receptor, called negative nuclei. The
Hematoxylin-stained image shows these blue negative nuclei.

The negative DAB-stained IHC images with visual score of O may contain very few brown
pixels. Thus, producing a brown filter to extract the brown pixelsis unnecessary. In the imple-
mentation, we set the maximum BN value (BNmax) to identify the negative DAB-stained IHC
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image. If 99% of the pixel values are higher than BNmax, the associative image is classified as
negative pigmentations. These negative images are directly converted to the CI E - Lab space to
extract blue hematoxylin-stained tissues. In the present study, BNmax is set as 10 in all cases.

We tested the proposed method on 26 datasets of real IHC images from different cancer
tissues, including low differentiated squamous cell lung carcinoma, breast infiltrative ductal
carcinoma, and thyroid neoplasm. The experimental results were divided into three groups,
namely, membrane activity, cytoplasm activity, and nuclear activity, according to the types of
the IHC images. Figure 7 demonstrates that the proposed color-filtering method can automati-
cally differentiate DAB-stained and hematoxylin-stained tissues.

Theinformation carried by the DAB-stained images and the hematoxylin-stained images can
be used for further segmentation of cell membranes, nuclei, and cytoplasm. In the IHC images
with membrane activity, the whole cell membranes can be reconstructed based on segmentation
of visible membranes in the DAB-stained areas and realistic simulation of invisible membranes
using nuclei as aspatial reference in the hematoxylin-stained areas[21]. Inhomogeneous stains
and the overlap of the nuclei result in irregularly shaped positive and negative nuclei, so more
segmentation should be performed [2]. The cytoplasm can be segmented using the location of
cell membranes and nuclear membranes. In next work, we will probe these further segmentation
methods.

3.2. Positive color selection analysis compared with the color deconvolution method

 Correlation=0.96

*

10 20 30 40 5 60 70 80 90
Color deconvolution

Fig. 8. Positive color selection compared to color deconvolution analysis. (A) arepresenta-
tive immunohistochemical image stained for CK7; (B)(C) the DAB-stained-image and the
Hematoxylin-stained-image obtained by color-filtering method showing the same values
with original image, respectively; (D)(E) the DAB-stained-image and the Hematoxylin-
stained-image obtained by color deconvolution method showing different RGB values with
original image, respectively; and (F) Percentages of DAB-stained area display a strong
association with results obtained from color deconvol ution method.
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Table 1. A comparison of the running time and the accuracy of counting nuclei (X +S)

Methods

t-test p-value
CD CF

480x 640
5.68+0.07 1.73+£0.05 110.38 p <0.0001

images

The running 576x 768
6.11+0.13 358+0.12 3459 p<0.0001

time (9) images

1024 1360

7.62+0.15 4.77£0.15 3354 p<0.0001
images

Positive
93.46+1.85 95.88+2.36 -1.97 0.0763
The detection nuclei

rate (%) Negative
36.88+4.93 82.37+3.57 -1870 p<0.0001
nuclei

CD: the color deconvolution method; CF: the color-filtering method.

To perform positive color selection analysis, we compared the results of color-filtering
method with a more arbitrary method using color deconvolution (Fig. 8).

The color deconvolution plugin (javaand classfiles) for ImageJ can be downloaded from the
website (http://www.mecourse.com/landini g/software/cdeconv/cdeconv.html). The consistency
of separation was evaluated through color-filtering and color deconvolution using the percent-
ages of the positive areas. Theresults of color-filtering are significantly associated with those of
the color deconvolution (Fig. 8(F)). However, the color of DAB-stained areas and hematoxylin-
stained areas separated by the color deconvolution method are inconsistent with the original
color. The proposed color-filtering method maintains the original color of the stained areas.

In order to compare the color separation effects of the two methods, we performed nuclei
counting experiments using the datasets of IHC images with nuclear activity. The nuclel can be
automatically counted using the “regionprops’ and “im2bw” functions provided by the image
processing toolbox within Matlab R2014a. We measured the detection rate of nuclei for quan-
titative evaluation of the two methods. The Detection is calculated as the following formula:

ion(%) — _aror

Detection(%) = 100 x (1 +——) (11)
where error is the false number of nuclei detected by the two computer-aided methods, and
total isthe number of nuclei counted by two pathol ogists. The detection rates of nuclel arelisted
in Table 1. Comparing to the manual counting, the two methods obtained good results on detect-
ing positive nuclei, and color-filtering is slightly better than color deconvolution (p = 0.0763,
independent two-sample t-test); while for the detection of negative nuclei, color-filtering has a
significant improvement over color deconvolution (p < 0.0001, independent two-samplet-test),
although the detection rate isless than that of positive nuclei. Thisreduction for detecting nega-
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tive nuclei may result from the presence of few non-cancerous componentsin the hematoxylin-
stained images, such as lymphocytes, blood vessels, stroma, and so on. To address this issue,
some more morphological parameters should be introduced to remove these few non-cancerous
components from hematoxylin-stained images in the further work.

Moreover, we also listed the running time of the col or-filtering and color deconvol ution meth-
ods for IHC images with different resolutions in Table 1. The running time comparison shows
that the proposed color-filtering method has less computational cost than the color deconvolu-
tion method for images with all resolutions. The gain is significant (p < 0.0001, independent
two-samplet-test). And the low computational cost satisfiesthe demands of big data processing.
The experiments have demonstrated that our color-filtering gains over the color deconvolution
on the computation cost and the detection rate of nuclei.

3.3.  Comparison with the pathological visual scoring

A tumor is scored as 0/1+ (negative), 2+ (equivocal), or 3+ (positive) based on the widely
accepted visual scoring guidelines[1, 2]. Visual scoring isbased on the percentage of the brown
pixels (PR) or brown intensity. Percentage metric is as follows:

0 PR=0

1+ PR<10%

24+  10% < PR < 30%
3+ PR>30%

Score = (12

In our study, two pathologists visually scored the results. We evaluated the accuracy of the
separation with the proposed col or-filtering method using the percentages of the positive areas
by comparing with the experts visual scoring. According to the percentages of the brown pixels
extracted using the proposed color-filtering method, the images are scored as 0, 1+, 2+, and
3+ with Eq. (12). Thus, accuracy can be related to visua scores. The associative results are
listed in Table 2. Furthermore, Fig. 9(A) shows the four representative images stained for Her2
with their visual scores ranging from 0 to 3; Fig. 9(B) shows a box and whisker graph that
demonstrates the direct relationship with the percentages of the positive areas extracted using
color-filtering and visual scoring. Interestingly, a high variability characterizes the middle of
the scoring range (1 and 2) compared with the low and upper ends of the scoring categories.
This result suggests that some cases at the middle of the scale are misclassified because of the
effect of brown intensity. Other parameters should be investigated to test the brown intensity
combined with the percentages of the brown pixels for quantitation. However, the majority of
the cases from different scoring categories are grouped within the percentile of the positive
area

Table 2. A comparison of image analysis methods

Visual Scoring

Color-filtering
0 1+ 2+ 3+

Accuracy (%)  92%  80%  82%  90%

4. Conclusion

IHC has significant advantages for biomedical studies because this technique allows antigen-
specific analysis during cancer treatment and disease progression. The quantitative analysis of
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Fig. 9. Comparison with the visual scoring. (A) four representative images stained for Her2
with visual scores ranging from 0-3; (B) a box and whiskers graph (median, 25% to 75%
box range, min and max whiskers) representation of the percentile of the positive area
shows a direct relationship with the categorical visual scores.

IHC images via computer-aided methods is an emerging field. The quantitative information ex-
tracted from IHC images may be expressed in several ways, including percentages of positive
stained area, intensity of brown stain in the positive areas, or either morphological characteris-
tics. The digital separation of DAB-stained areas and hematoxylin-stained areas is a key step
for IHC quantitation. In this paper, we presented an automatic color-filtering method to differ-
entiate DAB-stained and hematoxylin-stained areas from the background staining levels. This
research is essential to obtain areliable and standardized method that can be used for further
tissue segmentation and quantitative feature extracting. The proposed color-filtering method in-
cludes the use of brown and blue filters. The brown filter is used to extract DAB-stained tissues
and the bluefilter is used to extract hematoxylin-stained tissues. The experimental results have
demonstrated that the proposed color-filtering method can automatically identify DAB-stained
tissues without changing the color. In comparison to the color deconvolution method, the pro-
posed color-filtering method costs less computation time and achieves more accurate detection
ratio in terms of counting nuclei. The results also show that the percentages of the brown pixels
obtained by color-filtering are directly related to the categorical visual scores (92% accuracy in
0 score, 80% accuracy in 1+ score, 82% accuracy in 2+ score, and 90% accuracy in 3+ score).

In conclusion, the proposed color-filtering method could significantly facilitate the quantita-
tion of IHC with more robust pipeline and diagnostic tools. Our future work would focus on
improving the computer scoring technique to quantitate and apply the proposed technique on
different IHC dlides.

Acknowledgments

This work was supported by the National Natural Science Foundation of China under grand
(No. 61340006) and the Science and Technology Program of Guangdong Province of China
under grant (No. 2013B040401008). The authors would like to thank Mr. Huang Y E and his
collaborators of NanFang Hospital of Guangzhou, Guangdong, China, for providing the images
and as well asfor the helpful discussion.

#224776 - $15.00 USD Received 10 Oct 2014; revised 20 Dec 2014; accepted 2 Jan 2015; published 15 Jan 2015
(C) 2015 OSA 1 Feb 2015 | Vol. 6, No. 2 | DOI:10.1364/BOE.6.000544 | BIOMEDICAL OPTICS EXPRESS 558





